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EFFECTS OF SOME PRIMARY VARTABILES OF RECTANGULAR
VORTEX GENERATORS ON THE STATIC-FRESSURE
RISE THROUGH A SHORT DIFFUSER

By E. Floyd Velentine and Raymond B. Carroll
SUMMARY

An investigation was made of a 2:1 ares ratio conical diffuser of
length equal to the inlet dlameter with separate variation of several -
basic parsmeters for simple nontwisted counterrotating rectangular vortex
generators over a considerable renge of inlet-boundery-layer thickness.
The maximum values of static-pressure rise were determined for angle of
attack, spacing, aspect ratio, and span-to-inlet boundary-layer thick-
negs. Over the range of inlet-boundary-layer thickness it was shown
that an increase 1in static-pressure rise of 40 percent could be obtained.

—

INTRODUCTION

-

In the design of aircraft internal-flow systems, the problem of
providirg an effectiye diffuser conforming to severe space limitations
is frequently encountered. As part of a general consideration of this
problem references 1 to 5 give recent information on the mechanism of
the diffusion process and its relation to the boundary-layer character-
istics for 2:1 area retio diffusers of length equal to the inlét diameter
and of length equal to sbout two inlet diameters.

In the case of the longer diffuser of reference 1 the flow rate was

carried up to the choking value at a Reynolds number of 7. h5 X 106 based
on inlet diemeter. For this same diffuser geometry but in reduced size
and Reynolds number (reference 2), sufficient power was applied to give
supersonic flow up to a Mach number of about 1.5, just short of one-half
inlet diemeter into the diffuser. Reference 3 gives the results obtained
where the Inlet transition radius wes varied between zero and e radius
equal to four inlet dlameters. :
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Work with the short diffuser (references 4 and 5) has resulted in
information on the effect of inlet-boundary-layer thickness and the effect
of surface roughness on short-diffuser performance.

As a result of the current need for effective short diffusers in
the combination of turbojet and afterburner, research has been proposed
on several boundary-layer-control methods including suction, blowing,
and the use of vortex generators. Vortex generators had been shown in
reference 6 to be effective in reducing the power requirement of a large
wind tunnel. Referencée T glves the results obtained in a short annular
diffuser with vortex generators.

The short diffuser of reference 4 had extensive separated regions
for the thicker of the two values of inlet boundary leyer. The static pres-
sure rise was considered low and there was considerable flow fluctuation.
Reference 8 gives the result ofapplication of several different vortex-
gererator arrangements.  Although the only varisbles considered were
number, angle of attack, and longltudinal location, a 30-percent Increase
in static-pressure rise was-obtained and the former large flow fluctua-
tions were eliminated. The present investigation was undertaken to
.include separate varistion of several varisbles and to determine whether
the resultant peak velues could be used to define an effective vortex-
generator arrangement for values within a range of . inlet-boundary-layer
conditions. The vortex-generstor variables c¢onsidered included those of
reference ‘8 plus aspect ratio, span-to-inlet=boundary-layer displacement
thickness ratio, and ratio of the inlet-boundary-layer displacement thick-
nessg to the inlet dlameter. The flow conditions ranged up to an inlet

Reynolds number of 5.5 X 106 based on inlet diameter with the corresponding
inlet Mach number of 0.56.

SYMBOLS
static pressure
E - total pressure
u local velocity within boundary leyer
U local veloclity at edge of boundary 1oyer
y "~ perpendicular distance from wall, inches

boundary-layer thickness at u = U, inches
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L th;ee-&imensienal boundary-layer displacement thickness,

imeres ([ °0 - 3) - B)o)

impact pressure (H - p)

Ap wall static-pressure -rise

1 length of inlet tube

x distance upstream of_iniet“vorteiLgenerator station

da . tube diameter, inches

b spanwise dimension of vo;tei generator

c chord of vertex generstor

s nmiddle arc length between 0. 3-chord stations of vortex
generators . : -

n number of vortex generators

Nondimensional vortex-generator perameters:.

a aﬁgle of attack

b/c aspect ratio

6*1/31 inlet-displecement boundary-layer-thickness parameter

x/dl -longitudinal-locetion parsmeter

b/B*l ! span to inlet-boundary-layer displacement thickness

e/b ~ =~ spacing

A bar over a symbol indicates an average value,.

Subscripts:
(o} reference conditions
1 . diffuser inlet condition
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6 : diffuser exit conditions

T tall-plipe exit conditioms
APPARATUS AND METHODS

General arrangement.- The apparatus for this investigation (fig. 1)
was that used for the investigation of-reference 8 except that the inlet
tube length was varied and vortex generators of several other proportions

and sizes were constructed. The setup consisted of a 23° conical diffuser
Joined to a 2l-inch-diameter cylindrical entrance section by a tramnsition-

shape which, in axial section, is an arc of 55%-—inch raedius tangent to

both the cylindrical and the conicsal parts. The"cylindrica; entrance
sectlon was preceded by an entrance bell which provided the reduction

from the 5hk-inch ducting leading from the blower. A‘l%-—inch strip of

cork crumbs‘was glued In the small ehd of the entrance bell to fix the
polnt at which trensition to turbulent flow would teke place. A screen
of a total-pressure drop of 1.24.times the dynsmic pressure was installed
5 feet upstream of the entrance bell. The crumbs were of a size that-
would go through an 8-mesh screen but be stopped by & lli-mesh screen.
Different lengths of -cylindrical entrance sectlon were used to give a
variation in inlet-boundary-layer thickness. As in reference L, a tail

pipe, 3— inlet—ﬂiameters in. length was in place downstream of the dif=
fuser. A photograph of the duct arrangement is shown in figure 2.

Vortex-genersgtor arrangements.~ All vortex-generator arrangements
were counterrotating in accordance with the recommendations of refer-
ences 6 and 8. The vortex generators were rectangular airfoils of—
NACA 0012 sections and .could be set af any angle of attack. The extremi-
ties were not refitted for changes in angle of attack which in some cases
resulted in a slight gap between the airfoil and the duct surface. At
an angle of attack of 15° this gap was no more than 0.8 percent of the
chord for any of the vortex generators., No attempt was made to seal this

gap. . . - . . v o

A basic arrangement from reference 8 which had 22 counterrotating

vortex generators -set 15° with % =2.85, % = 0.5, é% = 0, and which
¥*
for these tests gave —52—" = 7.3 and %— = 0.0065 was taken as an anchor
1 1

point, “The gegeral procedure was Lo provide for separate variation of
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each parameter to include the value in the basic arrangement plus two
values higher and two values lower than the value for the basic arrange-
ment. As in reference 8, veriation of spacing was accomplished by
varying the number of 2- inch-chord by l-linch-span vortex generators.

The numbers employed were 10, 1k, 22, and k), which were chosen even
numbers to give counterrotating arrangemgnis. To change b/3%;, and

keep the other parameters constant required related changes in span,
chord, and number. Using the numbers already mentioned in the variation
of spacing, corregponding values of spen and chord were cbtained and
are tabulated in table I, By-the use of a fixed number of airfoills of
l1-inch span with the 5 chords already required, it was possible to vary
the aspect ratioc while maintaining the other pasrameters constant. It
wes similarly p0551ble to vary independently the angle of attack, the
span~-to-inlet-boundary-layer thickness ratio, the inlet-boundary-layer
thickness, and the longitudinal location with changes in spanmise length
but no additional chords.

Ingtrumentatlion.- Static-pressure measurements were wall static
pressures measured. st six radially distributed positions at stations 1,
6, end 7 of figure 1. A single line of flush static orifices extended
upstream of the diffuser inlet. Static-pressure megsurements at these
points and the readings from a total-pressure tube in the large duct
upstream of the inlet pipe constitute the basis for the quantitetive
diffuser performance data of this investigation. All pressures were
observed on a.multitube manometer using tetrabromoethane as a fluld. A
remote-control pitot-static survey tube was used to get boundary-lsyer
profiles in the inlet tube and at stations 6 snd 7. This survey device
may be seen in place at station 6 in the photograph of figure 2.

Basis of comparison of vortex-generator arrangements.- In this work,
as in reference 8, a quick method of evaluating each of a number of vortex
generator arrangements was required. Reasons for the adoption of the
following procedure are detailled in reference 8. Arithmetic averages of
the pressures from the circumferentially distributed static-pressure
orifices at station 6 and at station T were used for the diffuser and
for the diffuser-tall-pipe exit pressure, respectively. For an inlet
static pressure, use was made of a tap at least 3 chords upstream of the
vortex generators in order to be out of the local pressure field of the
* vortex generators and also not affected by separation areas In the dif-
fuser. These two static-pressure values were used wlth the upstream
total-pressure reading to compute values of _A@/QCl.
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RESULTS AND DISCUSSION

Diffuser With No Vortex Generators

Observeation of mancmeter board fluctuations and tufts described in
reference 8 indicated that with the bare diffuser the flow fluctuated
between two fgirly definite patterns which were referred to as state a
and state b. It sppeared to be a definite alternation between two con~
ditions rather than a simple rotatlon of the separated regions about the
diffuser center line. In the present investigation this slternation was
not so definite with the bare diffuser and it was considered that one
curve could be considered représentative., With some of the vortex-
generator arrangements, however, there was sn alternation between two
definite conditlons &and the resultis of—the two are presented as state a
and state b in the figures. Pressure rise through the diffuser and
through the diffuser plus tail pipe in terms of inlet dynamic pressure
is shown in figure 3 for two inlet-velocity values as a function of-

/dl' These are cross plots of values picked from plots of the pres-

sure rise measured at several values of the flow rate. The values of
5 were obtained from surveys made in the inlet with the exception of-

that for the shortest length inlet' duct: which was obtained by a straight-
line extrapolation of & logarithmic plot of & 1/81 against an inlet-
plpe length. This was done because the single measured wvalue of 5% /Hl

for the shorteast length was so Inconsistent with the other values as to
indicate that it must have been Influenced by some local surface con-
dition which would prevent it from being representative of the entire
inlet flow.

The pressure-rise ratio through the diffuser (fig. 3) 1s seen to
decrease as the Inlet-boundary-layer thickness increases for both inlet-
velocity values. The pressure-rise retio was lower dt the higher inlet
velocity. The same 1s true in the case of the pressure rise through the
diffuser plus tail pipe except that the diminution with increase of inlet-
boundsry-layer thickness 1s not so great and there 1ls considerably less
difference between the high— and low-speed values of pressure-rise ratio.
Points representing the no-vortex-generstor values of reference 8 are
glven which are seen not to fall exactly on these curves. The reasons
for this would include different boundary-layer profile because of the
cork transition strip upstream of the inlet pipe, reassembly of the
entire setup with new joints, and the fact that throughout the present
investigation the inlet pipe Just upstream of the transition section had
its surface smoothness impaired by the large number of holes drilled for
attaching the vortex generators. When not in use the holes were taped
on the outside and filled flush with the inner surface with glazing com-
pound, It is considered that the resulis with vortex generators would
not be affected by these surface conditions in their immediate vicinity.
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Effects of Selectable Vortex-Generator Varigbles

" Basic condition.-~ The pressure recovery for the basic condition and
also for an angle of attack of 22. 5° are shown in figure 4 against the
inlet~velocity parameter. For the 15° setting, figure 4(a), it is seen
that the diffuser flow fluctuated between two values, one of which *
involved considerable separation effect. This is in contrast to the
result of reference 8 in which this vortex-generstor arrangement gave
a smooth flow which could be represented by a single curve. Since the
lower 15° curve was Iinconsistent with the results of reference 8 and
also Inconsistent with all the low-speed Pl/HO = 0.95 cross plots of

each of the selectable vortex-generator vaerisbles about to be presented,
it was considered as not representative and was ignored in these cross

Angle of attack.- The effect of angie of attack is shown in fig-
ure 5. The begt angle of attack for these conditions is indicated as
about 20° at the low-speed and sbout 14° at the high-speed condition.
An intermediste angle would be indlcated if neither the high—speed nor
the low-speed condition were to be favored.

acing.- In figure 6 are shown the effects of spacing. It shows
clearly that uhless enough vortex generators are used the flow alternstes
between two flow conditions, nelther of which gives a high recovery. .
Recoveries in the case of too few vortex generators is even more reduced
at the high-speed condition. There is, however, an optimum spacing of
about two span lengths indicated for this condition which is the bsame
for each of the speed conditions considered. For this optimum spacing ]
the recovery at high speed is as great a proportion of the inlet indicated
impact pressure as in the case of the low-speed condition.

Aspect rgtio.- The effects of aspect ratlio are shown 1n figure 7.
It is clear that for either high or low speed the span should be no more
than one-fourth the chord if steady flow with high pressure recovery is -
to result.

Ratio of span-to-inlet-boundary-layer displecement thickness.- In
figure 8 are shown the effects of varying the span in relation to the
inlet-boundary-layer displacement thickness. The best span considering
both high and low speed appears to be about six times the inlet-boundary-
layer displacement thickness. The ratio of span-to-inlet-boundary-layer’
displacement thickness does not have g predominant effect, however, for
values ranging between 4 and 12, .

Longitudinal location.- Figure 9 was Included becguse it would be
of interest In a case where space limitations prevented an area increase

T
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until an sppreciable length of constant-area-duct had been utilized.
It indicates an adventage in this case of moving the vortex generators
upstream gbout one-third the inlet dlameter,

Effect of Inlet-Boundary-Layer Displacement Thickness

The inlet-boundary-layer displacement thickness is ordinarily a
condition imposed by the particular instzllation being considered. The
basic vortex-generator grrangement from reference 8 was applied to the
diffuser for four different—inlet-boundary-layer thicknesses. The results
are shown in figure 10. The vortex generastars gave considerable gain in
static-pressure recovery in all cases for the low-speed condition. Imn
the case of the high-speed condition, however, the gain was not so great
and the flow was not as steady as evidenced by the differing values
obtained in the two apparent flow conditions.

Use of the Maximum Indicated Vortex-Generator Design Values

It remains to be demonstrated whether the peaek values could be-used
to determine vortex-generstor arrangements over the range of inlet-
boundary-leyer displacement thickness which would be more effective than
those shown in figure 10. The peak values from figures 5 to 8 supply
the requirement that the spacing be about two span lengths, the aspect

ratio be about one-fourth, and the span about six times the inlet-boundary-

lsyer displacement thickness. The angle of attack to be used is not too
definitely tied down but it appears that it would be in the range of 1h°
to 20°. With the vortex generators used in the previous part—of—the
investigation, 1t was possible to approximate these values for the three
largest inlet-boundary-layer thicknesses. The spacing s/b was made
2.09, and the aspect ratlv was 0.327. The span In this case varied
between 3.0 and T.3 times the inlet-boundary-layer displacement thickness.
However, from figure 8 the ratlo of span to inlet-boundary-layer displace-
ment thickness does not appesr to be a critical quantity. Because in
figure 5 the optimum angle of attack did not seem to be—too clearly
defined, the vortex generators were run over a range of angle of attack.

In figure 11 sre shown the results of the angle-of-attack runs. From
this it appears that when the peak values are used the best angle of attack

is about 15° for both the high- and low~speed conditions. Figure 12 shows
the variation of pressure-rise ratic with Iinlet pressure ratio for the
three inlet-boundary-layér values. There 1s no decrease with increase

in flow rate. The flow was qulite steady. Although the two state a and
state b conditions could still be discerned in some cases, the differences
in the pressure rise for the two conditions were-negligible.. A comparison

of figure 12(a) and figure 4, which are for the same spen and inlet-
boundary-layer dlsplacement thickness, shows that changing the spacing and
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the aspect ratio to the peak values has given an lncrease in the pressure-
rige ratio and eliminsted the différence between the pressure-rise ratios
for the two apparent flow conditions,

The corresponding curves for the smallest inlet boundary layer with
s/b of 2.85, b/c of 0.5, and b/8*; of 11.6 are given in figure 13.

This arrangement 1s being considered here because, although not incor-
poreting the optimum vortex-generator design values indicated by this
investigation, 1t gave a pressure rise so close to the theoretical incom-
pressible frictlionless value of 0.75 times the Inlet impact pressure that
little further improvement could be expected. It therefore does glve an
indication of the maximum values toc be obtained.

Figure 1k shows the effect of the vortex generators on the circum-
ferential static-pressure distribution for en inlet-boundary-layer dis-
placement thickness.of 0.0065 of the inlet didmeter. The fluctuation
between two flow regimes is eliminated for the high-speed condition and
at both speeds the clrcumferential variation is virtually eliminated.

The boundary-layer profiles at the diffuser exit usuelly could not
be meessured without vortex generstors because of flow fluctuation. How-
ever, with the better vortex-generstor arrangements they could be measured
and did not require representation by an a and b case. Examples are
glven in figures 15 and 16 for four inlet-boundary-layer thicknesses.
For the thickest inlet~boundary-layer displacement thickness, an approxi-
mate curve for no vortex generators could be included. The results with
the vortex generators are each simllar In that they indicste the velocity
gradient near the wall has been increased by the vortex generators and
e region of negative velocity gradient 1s observed.

An idea of the possibilities of simple rectangular vortex generators
selected according to the material of this investigation is obtained
from figure 17 which is for 30 vortex gemerators of aspect ratio 0.327,
set 15°. The curves are extended dotted to the values at the smallest
inlet boundary layer for which the vortex generators were not those indi-
cated from figures 6 to 8, but for which the pressure recovery was never-
theless very good., It 1s seen that the pressure recovery for the diffuser
with the selected vortex generstors exceeds that of the bare diffuser by
40 percent over the entire range of _inlet-boundary-layer displacement
thickness and also exceeds thet for the diffuser plus tail.pipe for all
inlet~boundary-layer displacemént thicknesses up to the largest lnvesti-
gated at which point it is about equal to the value with diffuser plus
tail pipe. Also the pressure recovery does not fall off appreci&bly at
the high—speed condiﬁion.
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SUMMARY OF RESULTS

The following statements may be made for simple rectangular non-
twisted vortex generators within the range of variables investlgated.
The statements apply to the vortex generators when installed in a 2:1 area
ratio conical diffuser of length equal to its dlameter:

(1) The static-pressure rise with vortex generators selected as indi-
cated by this investigation can be made to equal or exceed that cbtained

with the diffuser plus a tail pipe of 3% diffuser inlet diameters in

length over s large range of diffuser inlet-boundary-layer thickness.
This static-pressure rise is about 40 percent higher than that obtained
with the diffuser alone with no vortex generators.

(2) Selection of an effective vortex-generator arrangement'is not
dependent on an accurate knowledge of the inlet-boundary-layer thickness.

(3) The presence of the selected vortex generators resulted in
smoother end steadier flow than that of the bare diffuser for all inlet-
boundary-layer displacement thicknesses.

(4) The value of pressure recovery with the selected vortex generators
was maintained up to an inlet veloclty for which the inlet static pressure
was 0.80 of-the total pressure at the center.

(5) From the statlic-pressure rises obtalned in this investigation,
1t is indicated that counterrotating vortex generators in the diffuser.
inlet should have an aspect ratio of about ohe-fourth, be spaced two span
lengths aspart, and be set at 15° angle of attack. .The span should be
ebout six times the inlet-boundary-layer displacement thickness but might—
range between 4 and 10 without undue detriment.

Langley Aeronauticsal Laboratory
Nationel Advisory Committee for Aeronautics

Langley Fleld, Va.
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TABLE I
VORTEX-GENERATOR ARRANGEMENTS
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Flgure 1.~ General arrangement of test apparatus and instrmmentation. _.
(ALl dimensions are in inches.)
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Flgure 2.- General arrengement of test apparatus.
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=~ Theoretical one-dimensional frictionless value
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Flgure 3.~ Pressure-rise ratio with no vortex generators over a range of
inlet~boundary-layer displacement thickness.
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